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Introduction
The intestinal epithelium acts as a barrier to invading pathogens, thus being important for host defense and maintenance of homeostasis. Critical for this process is the intestinal immune system, which populates both the lamina propria and the epithelium. Reciprocal interaction between immune cells and the epithelium is of paramount importance as improperly regulated immune responses can result in inflammatory bowel disease (IBD), food allergies and other immuneassociated disorders [1] [2] [3] . Innate immune cells, granulocytes and mast cells included, are crucial components of this defense as they are often the first to respond to epithelial breach; however, the possible role for granulocytes in maintaining barrier integrity at later stages of immune responses remains unclear.
The murine-specific parasitic nematode Trichuris muris has been an invaluable tool to study intestinal immunity for nearly fifty years [4] . Once eggs are ingested, Trichuris-larvae hatch and burrow into the large-intestinal epithelium without penetrating the basal lamina, and remain in this niche unless expelled. Acute infections with T. muris are characterized by an early innate inflammatory response, accompanied by the induction of adaptive Th2 immunity and subsequent worm clearance [4] . After expulsion, the host immune system undergoes a complex and coordinated homeostatic event whereby inflammation is resolved and the infected tissue returns to steady state; a process characterized by immune contraction, clearance of apoptotic cells and tissue repair. However, little attention has been focused to this latter part of the immune response to T. muris.
Utilizing T. muris, we have investigated the long-term consequences of acute intestinal nematode infection on innate immunity, specifically granulocytes and mast cells. Mast cells, which are present only at very low numbers in the large intestine at steady state, accumulated in high numbers after infection, notably in the epithelium, and persisted for several months after worm expulsion. The epithelial mast cells displayed a unique surface phenotype and were relatively longlived, being maintained by maturation of local progenitors. Furthermore, mast cell-derived proteases were detected both locally and systemically long after pathogen clearance, indicative of the mast cells being activated. Finally, accumulation of epithelial mast cells appeared to have striking consequences on barrier integrity by regulation of gut permeability well after worm expulsion. These findings highlight the importance of granulocytes not only in the early phases of infection but also at later stages, with functional implications on the mucosal tissue.
Results

Accumulation of granular cells in the large-intestinal epithelium upon acute T. muris-infection
Granulocytes and mast cells are rapidly recruited to sites of inflammation, notably during parasite infections. We infected C57BL/6 mice with a high dose of T. muris-eggs and monitored the accumulation of granular cells in the intestinal mucosa over time. As High dose infection with T. muris elicits strong type-2 immunity in genetically resistant mouse strains, resulting in worm expulsion between day 14 and 21 post-infection ( Figure S1B ). We therefore performed a series of experiments to address the recruitment kinetics of the two granular cell populations and noted that they followed distinct patterns of accumulation ( Figure   1C ). While there was only a modest change in total cell numbers of the large-intestinal lamina propria and epithelium (Supporting Information Fig. 1C ), the Siglec-F hi cells increased markedly in the epithelium during infection and peaked at the time of worm expulsion, followed by a slow decline as inflammation abated ( Figure 1C ). On the other hand, the Siglec-F int cells accumulated towards the end of infection, peaked after worm expulsion had occurred and remained at a stable level for at least two more months ( Figure 1C ). In the small-intestinal epithelium, by contrast, there was no accumulation of Siglec-F hi cells post-infection, whereas the Siglec-F int population increased dramatically during infection, but disappeared rapidly after worm clearance (Supporting Information Fig. 1D ). We did not observe any remaining worms at these late time points, and as expected did not detect parasite-specific IgG2c serum antibodies that are associated with chronic infections (Supporting Information Fig. 1E ). Taken together, the phenotypic and kinetic analyses indicated that the two Siglec-F + populations might represent unique cell types, and perhaps serve different functions.
To conclusively rule out that both populations were eosinophils we infected eosinophil-deficient Figure 1D ). Furthermore, we found that the Siglec-F int population expressed c-kit (CD117), the receptor for stem-cell factor, indicating that they might be of mast cell origin ( Figure 1D ). Consistent with this hypothesis, Siglec-F int CD117 + cells also expressed the high-affinity IgE receptor (FcεRIα), and interleukin-33 receptor (IL-33Rα) ( Figure 1E ), both of which are commonly found on mast cells [6] . To confirm that the Siglec-F protease-1 (mcpt1) and mcpt5 (specific to mucosal and connective-tissue mast cells, respectively [7, 8] ), as well as eosinophil peroxidase (epx). As expected, sorted cells expressed mcpt1, but had no detectable mcpt5 or epx mRNA, confirming that these cells were de facto mucosal mast cells ( Figure 1F ). Finally, to verify their epithelial localization, we stained paraffinembedded biopsies from the cecal-colonic junction with toluidine blue. There was a distinct accumulation of toluidine-stained cells in the large intestine of infected mice, many of which were in close proximity to, or in direct contact with, the epithelial layer, corroborating the flowcytometry data (Supporting Information Fig. 1F ). Taken together, these data demonstrate that a population of mucosal mast cells appeared in the large-intestinal epithelium of T. muris-infected mice, displaying an unexpected phenotype and accumulation at later stages of infection.
Type-2 inflammation-associated accumulation of epithelial mast cells
We next sought to determine whether the accumulation of epithelial mast cells was a direct response to the presence of T. muris-worms, or rather driven by the type-2 response associated with acute T. muris-infection. To this end, mice were infected with a low dose of T. muris-eggs, which in C57BL/6 mice results in a chronic infection characterized by a strong type-1 response [4] .
Interestingly, there was no specific accumulation of epithelial mast cells in mice infected with a low dose of T. muris-eggs at day 35 post-infection (Figure 2A ), a time point corresponding to the peak of mast cell accumulation during high-dose infection ( Figure 1C ), despite a robust increase in both eosinophils and neutrophils (Supporting Information Fig. 2A ). This suggested that the accumulation of mast cells during high-dose infections likely was an indirect consequence of the strong type-2 response induced upon infection rather than being directly worm-driven.
We [9] , and others [10] , have shown that chronic T. muris-infection causes a shift in microbial communities of the large intestine. However, it remains unknown whether acute T. murisinfection can have long-lasting effects on the intestinal microbiota that persist after worm expulsion. Since the composition of the microbiota can have a significant impact on immune cells in the gastrointestinal tract [11] , it was plausible that the long-term accumulation of mast cells in the intestinal epithelium was a consequence of altered bacterial populations. We therefore performed 16S ribosomal gene-based sequencing on the fecal microbiota and analyzed the composition of microbial communities over time. As reported [9] , chronic infection with T. muris led to massive alterations in bacterial families of the large intestine, notably Lactobacillaceae ( Figure 2B ). By contrast, although minor changes occurred upon acute T. muris-infection around the time of worm expulsion, these were quickly restored to normal, whereas the microbiota of chronically infected mice continued to diverge ( Figure 2B and S2B). It is therefore unlikely that the persistence of epithelial mast cells is due indirectly to any long-lasting effects of the nematode on the microbiota.
As it appeared that the driving force behind the accumulation of mucosal mast cells was the type- . 2C ). In addition, there was a clear induction of IL-3 and IL-9 ( Figure   2D ), both of which have been implicated during mast cell maturation [12, 13] . In summary, accumulation of epithelial mast cells is unrelated to infection-induced changes to the intestinal microbiota, but appears to be driven by type-2 inflammation.
Epithelial mast cells are sustained by increased maturation of lamina propria progenitors
Given that mast cells were detected in the large-intestinal epithelium for at least two months after worm expulsion we next wanted to assess whether the cells had accumulated early after infection and persisted long-term, or were continuously recruited and replaced as the response to infection progressed. To this end, we fed mice with the thymidine analog 5-bromo-2'-deoxyuridine (BrdU) via the drinking water between day 17 and 24 after high-dose infection (thus overlapping with worm expulsion) to allow for BrdU incorporation in dividing cells, and tracked its decay over time ( Figure 3A ). Approximately half of the epithelial mast cells were labeled with BrdU after one week of administration ( Figure 3B ). The BrdU-labeled mast cells remained positive for several weeks after BrdU administration, with only a slow decline in the frequency of labeled cells over time ( Figure 3B ). Nonlinear-regression analysis indicated that the BrdU-labeled epithelial mast cells disappeared rapidly immediately after BrdU withdrawal, but had a highly prolonged survival at later stages in the kinetic ( Figure 3C ). Considering that the number of epithelial mast cells was stable for several months after pathogen clearance ( Figure 1C ) this suggests that although relatively long-lived, the epithelial mast cells were to some extent also being continuously replaced by newly recruited cells.
Unlike classical granulocytes, which circulate as mature effector cells, mast cells leave the bone marrow as agranular progenitors and mature in peripheral tissues in response to local factors, predominantly at mucosal sites and the skin. While connective-tissue mast cells are mostly selfmaintained, the maturation of mucosal mast cells is largely dependent on T cell-derived IL-9 [14, 15] , which also plays an important role in the protective response to some parasites, including T. muris [16] . We hypothesized that the accumulation of epithelial mast cells was a consequence of increased bone marrow output, recruitment and/or differentiation of local progenitors driven by the type-2 response, notably IL-9 ( Figure 2D ). As mentioned previously, the 
Altered epithelial permeability after acute T. muris-infection
Mast cells have been implicated in the generation of type-2 responses against several parasites [23] , including T. muris [24] . However, as the bulk of epithelial mast cells accumulated after expulsion we hypothesized that they might serve additional functions, possibly regulating epithelial barrier function given their localization. Consistent with such a possibility, mast cellderived proteases (notably including MCPt-1) have been shown to regulate epithelial permeability [25] . To address the role of mast cells on intestinal permeability post-infection we gave repeated intraperitoneal injections of either depleting anti-CD117 [16, 26] , or isotype-control antibodies, and measured the uptake of FITC-dextran administered by oral gavage at day 49 post-infection ( Figure   4D ). Interestingly, previously infected mice had higher serum levels of FITC-dextran than their uninfected counterparts ( Figure 4E ), consistent with increased intestinal permeability in response to prior infection. Strikingly, despite only a partial reduction of large-intestinal mast cells (Supporting Information Fig. 4C ), this effect was reversed in mice treated with anti-CD117 ( Figure   4E ). Importantly, the increased permeability after infection correlated with increased serum levels of MCPt-1, which were also reduced following mast cell depletion ( Figure 4F ). Taken together, these results suggest that mast cells accumulating in the large intestine in response to T. muris infection may have functional implications on intestinal barrier integrity, and that this effect appears to persist long after the infection has been cleared.
Discussion
Here, we demonstrate that acute T. muris-infection leads to the accumulation of a long-lived mast cell population in the large-intestinal epithelium. This accumulation was associated with induction of a type-2 response, and correlated with increased levels of the mucosal mast cell-specific protease MCPt-1 in the serum and locally in the intestine, as well as increased epithelial permeability, suggesting that prior infection may have long-lasting consequences on the local environment as well as influence on subsequent responses.
Mast cells have previously been shown to localize to epithelial surfaces in several models of intestinal inflammation [7, 26] . For example, infection with the small-intestinal nematode T. spiralis induces a robust accumulation of mast cells in the jejunal epithelium during active infection [7] .
Similarly, mice that transgenically overexpress IL-9, systemically [16, 26] or restricted to the intestinal epithelium (iFABPp-IL-9Tg mice) [27] , have increased numbers of mast cells in the smallintestinal epithelium. In contrast to our findings in the large-intestinal epithelium during T. murisinfection however, T. spiralis-infection fails to cause epithelial mastocytosis beyond expulsion of the parasite [7] . The reasons for this disparity could be several, and could be linked to the different nature of the small and large intestine, or relate to differences between infection models.
Although one may suspect regional differences in microbiota composition to be involved, our data suggest that changes to microbial communities most likely play little part in the accumulation of epithelial mast cells. Instead, our results indicate that induction of type-2 immunity is crucial in driving epithelial mast cell accumulation. Thus, we failed to detect epithelial mast cells following type 1-dominated low-dose T. muris-infection. By contrast, high-dose infection with T. muris resulted in mast cell accumulation associated with high levels of type-2 cytokines in the largeintestinal lamina propria.
The earliest mast cell progenitors in the lamina propria have been described as agranular CD117 [6, [17] [18] [19] [20] . Under the influence of local factors, these cells upregulate FcεRIα while down-regulating α4β7 [6] . Our results suggest that a proportion of these cells can go through additional maturation steps in response to infection, characterized by induction of Siglec-F and CD103, translocation to the intestinal epithelium and acquisition of a more granular appearance (summarized in Figure 3D ). Interestingly, while we detected dramatically increased numbers of epithelial mast cells, there was no accumulation of mast cell progenitors in the lamina propria. These data are consistent with those observed in iFABPp-IL-9Tg mice, where intestinal mastocytosis occurred despite unchanged numbers of mast cell progenitors [27] , and suggest that accumulation relies on increased maturation and/or survival rather than recruitment of progenitors. While the factors that promote induction of epithelial mast cells remain to be identified, it is interesting to note that TGFβ has been implicated in regulation of several aspects of mast cell biology, including expression of CD103 and MCPt-1 [28, 29] . CD103 (the integrin αE) pairs with β7, together forming the ligand for E-cadherin that is expressed by intestinal epithelial cells, and might therefore facilitate the interaction between mast cells and the epithelium. Thus, we hypothesize that TGFβ could be one of the important factors that promote transition of lamina propria mast cells into their epithelial counterpart.
The observation that epithelial mast cells are uniformly positive for Siglec-F is to our knowledge the first report on expression of this receptor by mast cells. Thus, expression of Siglec-F has been documented on murine eosinophils, and now on mast cells, similar to its human ortholog Siglec-8 [30] . In addition, Siglec-F expression has also been described on alveolar macrophages [31] ,
intestinal epithelial tuft cells [32] , as well as on a subpopulation of CD11b Mast cells have been implicated in regulation of epithelial barrier function [25, 27, 33] , at least in part via release of MCPt-1 [25] . Therefore, given the sustained presence of mast cells in the epithelium, as well as the high levels of MCPt-1 in the serum, we assessed epithelial permeability by measuring uptake of FITC-dextran in the serum upon oral administration in mice injected with anti-CD117 antibodies. Similar to our observations in mice following chronic T. muris-infection (unpublished observation), previously infected mice had more permeable intestines. Interestingly, despite only partial mast cell depletion following antibody-treatment, we observed a robust reduction in permeability following anti-CD117 injections, consistent with a role for mast cells in regulating epithelial barrier integrity. While the underlying mechanism remains to be established it may be related to regulation of the tight-junction protein occludin, which has been identified as a target of mast cell-derived proteases [25] , or via activation of protease-activated receptor-2 by mast cell-derived tryptases, which have been demonstrated to regulate tight-junction integrity [34] .
The consequences of increased epithelial permeability associated with long-term epithelial mastocytosis remain to be investigated. Increased leakiness at epithelial surfaces, particularly in the gastrointestinal tract, is linked to higher risk of developing IBD [35] and food allergies [36] .
Indeed, although infection with some parasites has proven beneficial in treating various murine models of IBD [37, 38] , the data on T. muris (including our unpublished data) seem to suggest the opposite [39] . Furthermore, whether the long-term effects observed have any bearing on the risk of developing food allergies remains to be determined. Interestingly, several reports strongly link overexpression of IL-9, intestinal mastocytosis and increased epithelial permeability to a predisposition to oral-antigen hypersensitivity [22, 27] , and vice versa in IL-9-deficient mice [40] , suggesting that mice that have undergone acute T. muris-infection could be more prone to develop food allergy. Finally, our preliminary data suggest that acute T. muris-infection might also have systemic consequences. Thus, we observed effects on both the number and phenotype of granulocytes in the lungs, as well as on the local cytokine environment (data not shown). In addition, if the observed epithelial leakiness is indeed due to circulating MCPt-1, one might expect to see similar effects on the lung epithelium, which could have consequences on the outcome of allergic challenge also at this site.
In summary, acute T. muris-infection results in accumulation of a population of long-lived mucosal
mast cells in the large-intestinal epithelium. Epithelial mastocytosis appears to be associated with type-2 responses, and have long-lasting consequences on the intestinal environment, including regulation of epithelial barrier permeability. 
Materials and methods
Mice
Trichuris muris
T. muris (strain E) was maintained as previously described [41] . Mice were infected with a high (350-400) or low (20) dose of eggs in sterile-filtered (0.2μm) tap water by oral gavage to obtain acute or chronic infection, respectively. To assess the worm burden of infected mice, large intestines were excised and frozen at -20°C. Intestines were opened longitudinally upon analysis, and scraped free of worms that were counted under a reverse phase-contrast microscope.
Parasite-derived antigens
Mice of a susceptible strain were infected with approximately 150 T. muris-eggs and killed six weeks later. Large intestines were excised, opened longitudinally and rinsed thrice with sterile Dulbecco's phosphate-buffered saline (DPBS; Thermo-Fisher Scientific) supplemented with 500U/ml penicillin + 500μg/ml streptomycin (Thermo-Fisher Scientific). Adult worms were pulled out with forceps, placed in sterile RPMI 1640 (Thermo-Fisher Scientific) supplemented with antibiotics as described above and incubated at 37°C for 20 minutes, followed by a 24-hour incubation in fresh medium. The medium was collected the following day and centrifuged at 500g antigens were frozen at -80°C.
Tissue preparation and cell isolation
Spleens were mashed in DPBS and passed through 70μm cell strainers (Thermo-Fisher Scientific).
Femurs were flushed through with DPBS to obtain the bone marrow, which was homogenized and Sigma-Aldrich), 5mM ethylenediaminetetraacetic acid (EDTA;Merck-Millipore), 100U/ml penicillin + 100μg/ml streptomycin, 50μg/ml gentamicin (Thermo-Fisher Scientific) and 1.25μg/ml Fungizone (Thermo-Fisher Scientific) for 15 minutes at 37°C, on continuous shaking. The loosened epithelium was subjected to density-gradient centrifugation using Percoll (GE Healthcare). Briefly, cells were suspended in 40% Percoll and centrifuged over a 70% Percoll layer for 20 minutes, 600g
without brake at room temperature. Cells collected between the 40/70 phases were washed with DPBS. To isolate cells from the lamina propria remaining tissue pieces were enzymatically digested in R10 buffer consisting of RPMI 1640 supplemented with 10mM HEPES, 10% FBS, 2mM Lglutamine (Thermo-Fisher Scientific), 1mM sodium pyruvate (Thermo-Fisher Scientific), 100U/ml penicillin + 100μg/ml streptomycin, 50μg/ml gentamicin and 1.25μg/ml Fungizone, along with 0.3Wünsch-units/ml liberase TM (Roche), 30μg/ml DNase I (Roche) and 5mM CaCl 2 for 45 minutes at 37°C with magnetic stirring. The resulting cell suspensions were filtered through 100μm cell strainers (Fisher Scientific), and subjected to density-gradient centrifugation as described above.
Lung cells were obtained by first perfusing the mice with DPBS; lungs were subsequently excised, minced into small pieces and digested in R10 buffer for 45 minutes at 37°C, on continuous shaking.
The resulting cell suspension was filtered through a 70μm cell strainer, and subjected to densitygradient centrifugation as described above. Cells were enumerated using a KX-21N automated hematology analyzer (Sysmex).
Flow cytometry
Cells were fluorescently labeled for 30 minutes on ice with the following antibodies and reagents: 
Ex vivo-cell stimulations and protein analyses
For cytokine secretion analyses, cells were suspended in R10 buffer, seeded at 2.5x10 
Mast cell depletion
Anti-CD117 antibodies were generated from a hybridoma (clone;ACK2); a kind gift from Professor
Kathryn Else (University of Manchester, Manchester, U.K.). Once confluent, hybridomas were cultured in growth medium containing 2% FBS to minimize non-specific immunoglobulins. IgG antibodies were purified on a protein-A/G column and dialyzed to DPBS by consecutive centrifugation and washing steps using Amicon Ultracel-3K Centrifugal Filters (Merck-Millipore).
The concentration was determined by Bradford's assay (280nm absorbance) with 1.4 extinction coefficient for IgG. Rat IgG2b isotype control was purchased from BioXcell. Antibodies were injected intraperitoneally on days 42, 45 and 47 post-infection (0.5mg/mouse for the first injection, and 0.25mg for subsequent time points).
BrdU-incorporation assay
Mice were given 0.8mg/ml BrdU (Sigma-Aldrich) via the drinking water between days 17-24. Cells were isolated at varying time points after BrdU-removal, and BrdU-incorporation measured by staining with FITC-conjugated anti-BrdU antibodies from a commercially available kit (BD Biosciences), according to manufacturer's instructions. Data was collected on an LSR II flow cytometer.
Assessment of intestinal permeability by FITC-dextran feeding
Mice were starved overnight, fed the following morning with 0.4mg/g body weight FITC-dextran (4kDa;Sigma-Aldrich) dissolved in water and sacrificed four hours later. Blood was collected into
Microtainer-SST tubes (BD Biosciences) and centrifuged at 12000g for 5 minutes to obtain serum.
FITC-dextran measurements were performed using 488±12nm excitation and 525±12nm emission on a Varioskan LUX Multimode-Microplate Reader (Thermo-Fisher Scientific).
Mast cell isolation and validation
Cells were isolated as described from the large-intestinal epithelium of three mice on day 49 post- 
Microbiota analyses and bioinformatics
Fresh fecal samples were collected and immediately frozen in liquid nitrogen. DNA extraction (NucleoSpin Soil;Macherey-Nagel) and PCR-based library formation and sequencing were performed as described [9] . Raw sequencing data were processed using QIIME including de novo-OTU picking, chimera-checking and taxonomical assignment using the Greengenes database v13.8 [42] . Subsequent analyses were performed in R using the packages Vegan [43] and PhyloSeq [44] . Data were filtered for low-abundance OTUs by removal of OTUs present in <three of the samples, or with a relative abundance across all samples of ≤0.005% resulting in 33991±12378
(mean±SD) reads/sample.
Histology
Biopsies (approximately 0.5cm in size) from the cecal-colonic junction were collected in Carnoy's solution (60% ethanol, 30% chloroform, 10% acetic acid) and stored at room temperature until further processed. Tissue pieces were embedded in paraffin by standard histological techniques and cut into 5μm sections using a Leica microtome. Sections were stained with toluidine blue and mounted in standard fashion. Slides were scanned and analyzed with Aperio ImageScope (Leica Biosystems).
Statistical analyses
All statistical analyses were performed using Prism v5.0 (GraphPad software). 
